This study proposes a frequency-domain index of oxyhemoglobin saturation. We evaluate its reliability and compare with those of previous frequency-domain indices for screening the obstructive sleep apnea syndrome (OSAS). Patients diagnosed with OSAS by standard polysomnography were recruited Hospital Centre. Overall, 257 patients are used for training and 279 patients are used for validation. The presence of OSAS is defined as apnea-hypopnea index (AHI) > 5/h. Moderate and severe OSAS are defined as AHI > 15/h and AHI > 30/h, respectively. The proposed oxyhemoglobin index outperforms previously proposed frequency-domain indices. For predicting the severity of OSAS, the proposed index has a sensitivity/specificity of 74.3% / 96.1% for AHI > 15/h and 87.8% / 92.4% for AHI > 30/h. The results reveal that the proposed oxyhemoglobin index has a significantly smaller standard error of AHI than those of previous indices.
Introduction
Obstructive sleep apnea syndrome (OSAS) is a growing health concern that affects up to 10% of middle-aged men [1] . Cardiovascular and neuropsychological morbidity has been demonstrated in untreated sleep apnea [2] [3] [4] . The gold standard for a definitive diagnosis of OSAS is in-laboratory polysomnography (PSG). However, this approach is expensive, time-consuming, and labor-intensive. The development of a simple screening tool could help the identification of patients with high probabilities of OSAS and thus allow resources to be focused on candidates likely to be afflicted with the disorder [5] . Oximetry is a commonly used American Academy of Sleep Medicine Type 4 monitoring technique for screening sleep apnea in the home [6] . Oxyhemoglobin indices from pulse oximetry have been used to screen and predict sleep apnea severity [7] [8] [9] [10] [11] .
The lack of airflow during apneic or hypopnea periods may lead to recurrent episodes of hypoxemia that can be detected as fluctuations in oxyhemoglobin saturation (SpO 2 ) [12] . Spectral analysis is one of several methods for conducting variability analysis [13] . Studies have utilized spectral analysis and its graphical presentation, the periodogram, to examine the variability of SpO 2 during sleep [14] . Previous studies reported a spectrum peak between period boundaries of 30 to 70 s which has been proposed as a screening marker for sleep apnea [15, 16] . Absolute frequency regions are used by previously proposed frequency-domain indices; therefore, individual variance is not considered.
The present study proposes a frequency-domain index and evaluates its reliability and compare with those of previously proposed frequency-domain oxyhemoglobin indices for predicting the severity of OSAS using automated digital analysis.
Materials and methods

Study subjects
Patients diagnosed with OSAS by standard PSG were recruited from the China Medical University Hospital Centre. The subjects in the training set (257 patients) were enrolled in 2004, and those in the validation set (279 patients) were collected in 2005. Clinical data were collected retrospectively. Table 1 shows the clinical features and PSG results. All subjects were assessed with the Epworth Sleepiness Scale (ESS) before the PSG test. Periodic limb movements (PLM) were determined for periodic, jerking leg movements by bilateral leg electromyograms (EMGs). Periodic limb movement disorder (PLMD) was defined as PLM > 5/h. Inclusion criteria were being older than 16 years and being diagnosed with OSAS with AHI > 5 / h. Exclusion criteria were chronic obstructive pulmonary disease, chronic chest wall disease, and having medical data with a total recording time less than three hours. The study was approved by the Medical Research Ethics Committee of the China Medical University Hospital (DMR 96-IRB-17). 
Polysomnographic study
PSG data were recorded using a computerized PSG system (Alice 4, Healthdyne Technologies, Atlanta, Georgia, USA). This system includes a standardized montage of twochannel electroencephalograms (EEGs; C4/A1, C3/A2), bilateral electro-oculograms (EOGs), submental EMGs, bilateral leg EMGs, and electrocardiograms (ECG). Oxyhemoglobin saturation was recorded using a finger-probe oximetry unit. The sampling rate of the oximeter was 1 Hz. For pulse rates below 112 beats per min (BPM), the averaging calculation was based on a four beat exponential average for SpO 2 . For pulse rates above 112 BPM, the averaging was doubled, and then re-doubled above 225 BPM. Airflow was measured using oronasal pressure, and respiratory effort was assessed by inductance plethysmography. The stored data were digitized for computer analysis by data analysis software (Matlab; MathWorks Inc, USA). Artifacts were removed by eliminating all changes of oxygen saturation between consecutive sampling intervals of > 4%/s, and any oxygen saturation < 50% by an automated algorithm [7] .
The raw data were reviewed by an experienced doctor and separately scored by a sleep technician certified by the Taiwan Sleep Medicine Society. Sleep stages were scored according to the criteria of Rechtschaffen and Kales [17] ). Arousals were defined as episodes lasting 3 s or longer in which there was a return of alpha activity associated with a discernible increase in EMG activity. Apnea was defined as a cessation of oronasal airflow for a minimum of 10 s. Hypopnea was defined as a reduction of oronasal airflow to 50% or less of the value prevailing during a preceding period of normal breathing, for at least 10 s, and associated with 4% oxyhemoglobin desaturation and (or) EEG arousal [17, 18] .
Methods
The spectrum was calculated using the fast Fourier transformation (FFT) method. To mitigate the influence of oxyhemoglobin saturation artifacts and spectral leakage due to discontinuities that appear at the beginning and the end of the signal, an overlapping moving window method was applied. Each window size was 30 s, and shifted by 1 s each time. In order to increase frequency resolution, each window was zeropadded to use 1024-point FFT. The bandwidth of each window was defined as the frequency at which the accumulated energy from 0 Hz was 95% of the total energy. The bandwidths of all windows were recorded and sorted. Finally, the following four indices were calculated: the bandwidth mean of all windows (BW100), the bandwidth mean of the top 50% of windows (BW50), the bandwidth mean of the top 30% of windows (BW30), and the bandwidth mean of the top 10% of windows (BW10).
For previous frequency-domain indices, if a peak in the spectrum between the period boundaries of 30 and 70 s was observed, the subject was considered to have OSAS, as shown in Fig. 1 . The following four indices were obtained, as shown in Fig. 1 [15, 16] , where the periodogram is an estimate of the power spectral density (PSD) of a signal: the total area of the periodogram (S total ), the ratio of the area enclosed in the periodogram within the period of 30 to 70 s (S 30-70 ), the ratio of the area enclosed in the periodogram within the period of 30 to 70 s with respect to the total area of the periodogram (S), and the peak amplitude of the periodogram in the period of 30 to 70 s (PA).
The accuracy and reliability of these oximetry indices for the prediction of the severity of OSAS were analyzed. Based on the best standard error of estimate (SEE) between AHI and the proposed and previously proposed frequency-domain indices, the sensitivity and specificity of the screening of moderate (AHI  15/h) and severe (AHI  30/h) OSAS patients were determined. The sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) are reported. A receiver operating characteristic (ROC) curve was constructed and the area under the curve (AUC) was calculated. ROC analysis relates sensitivity and 1-specificity. For the ROC curve, the point with the largest sum of sensitivity and specificity was chosen as a threshold. In addition, Cohen's kappa coefficient is also reported. Differences in means of continuous variables were assessed with Student's t-test. All data are reported as mean ± standard deviation (SD). A two-tailed value of P < 0.05 was considered significant. SEE, linear regression parameters, correlation, and significance levels between AHI and the indices are shown in Table 2 . The proposed indices outperform the previously proposed frequency-domain indices. Tables 3 and 4 show the AUC of the ROC curve and the optimal cutoff of the ROC curve for various OSAS thresholds for the training set and validation set. Table 4 . AUC of the ROC curve for oxyhemoglobin indices and optimal cutoff of ROC curve for variouis OSAS thresholds for validation set (n = 279). 
Results
Discussion
Spectral analysis of SpO 2 during sleep is an effective approach for screening sleep apnea [15, 16] . This study proposed a frequency-domain index for predicting the severity of OSAS automatically, and compared the index to frequency-domain indices. The results indicate that the proposed index has a significantly stronger correlation and better screening performance than those of previously proposed frequencydomain indices and that the training set and validation set produce consistent results. PSG is the gold standard for a definitive diagnosis of OSAS. Oxyhemoglobin saturation data were collected as part of a standard laboratory PSG using pulse oximetry. Therefore, pulse oximetry can reduce sleep laboratory efforts in screening severe OSAS.
Previous studies used spectral analysis to evaluate the power density of SpO 2 by performing the fast Fourier transform on the oximetry signal to obtain four frequency-domain indices [15, 16] . These previously proposed frequency-domain indices have proved effective in screening OSAS. The presence of a peak has a sensitivity of 78.0% and a specificity of 89.0%. Using a threshold of 0.15 for the ratio of the area enclosed in the 30 to 70 s peak to the total area of the spectrum, the sensitivity was 91.0% and the specificity was 67.0%. The performance of these indices is better in the previous studies. It might be caused by the different database. In previous study, the AHI values of the OSAS and non-OSAS groups were quite different: /h, respectively [15, 16] . Since the oxygen saturation data recorded in sleep is a time series, this study also tested the time-domain index called the Delta index. The Delta index measures the average of absolute differences of oxyhemoglobin saturation between successive 12-s intervals [7, 19] . For a Delta index threshold of 0.6, the sensitivity of oximetry for screening OSAS was 98.0% and the specificity was 46.0%. With a Delta index threshold of 0.4, the sensitivity of oximetry for screening OSAS was 88.0% and the specificity was 70.0%. In this study, for predicting the severity of OSAS, when the Delta index threshold was at 1.04 and 1.21, the sensitivity/specificity were 70.9%/92.2% for AHI > 15/h and 84.9%/92.4% for AHI > 30/h, respectively. The difference may be due to the different population, in terms of age and greater obesity, in Magalang [7] and Levy [19] studies (age: 56.0 and 48.9 versus 42.7 here, and BMI: 32.0 and 32.3 versus our 26.3 here). In addition, the results show that the proposed frequency-domain index has better screening performance of OSAS than the Delta index.
The BW10 index has the best screening performance of all BW indices, perhaps due to it being able to focus on the fluctuant parts of nocturnal oxyhemoglobin saturation with more specificity. The variation of oxyhemoglobin saturation is usually higher during respiratory events, with the bandwidth being correspondingly higher.
Oxyhemoglobin saturation is an indirect parameter that reflects the consequences of breathing. Not all respiratory events are accompanied by oxyhemoglobin desaturation [20] , and this is one of the major limitations of pulse oximetry. Due to its ease of application, pulse oximetry with more sensitivity indices could be an effective tool for clinical use. However, repeat oximetry is required if the sleep efficiency of the subject is low or clinical suspicion is high [15] .
Conclusion
A frequency-domain oxyhemoglobin index for predicting the presence and severity of OSAS was proposed. The relative utilities of the proposed index and previous frequency-domain indices in the screening of OSAS with a large number of subjects were systematically compared. The results reveal that the proposed frequency-domain oxy-hemoglobin index provides high screening performance. Clinically, pulse oximetry can be a helpful abbreviated testing modality for moderate to severe OSAS.
